Background: Sublinical myocardial dysfunction occurs in a significant number of patients with type 2 diabetes. Assessment of ventricular long-axis function by measuring mitral annular velocities using tissue Doppler echocardiography (TDE) is thought to provide a more sensitive index of systolic and diastolic function. We hypothesised that augmentation of left ventricular (LV) longitudinal contraction and relaxation during exercise would be blunted in patients with type 2 diabetes. Methods: Mitral annular systolic (S9) and early diastolic (E9) velocities were measured at rest and during supine bicycle exercise (25 W, 3 min increments) in 53 patients (27 male, mean age 53¡14 years) with type 2 diabetes and 53 subjects with age and gender-matched control. None had echocardiographic evidence of resting or inducible myocardial ischaemia. Results: There were no significant differences in mitral inflow velocities at rest between the two groups. E9 and S9 at rest were also similar between the groups. However, S9 (7.1¡1.3 vs 8.3¡1.8 cm/s at 25 W, p = 0.0021; 8.1¡1.5 vs 9.1¡2.0 cm/s at 50 W, p = 0.026) and E9 (8.5¡2.3 vs 9.9¡3.1 cm/s at 25 W, p = 0.054; 9.1¡2.1 vs 10.9¡2.5 cm/s at 50 W, p = 0.0093) during exercise were significantly lower in patients with diabetes compared with controls. Longitudinal systolic and diastolic function reserve indices were significantly lower in patients with diabetes compared with that of controls (systolic index, 0.6¡0.70 vs 1.2¡1.5 cm/s at 25 W, p = 0.029; 1.2¡1.2 vs 2.1¡1.6 cm/s at 50 W, p = 0.009; diastolic index, 1.9¡1.2 vs 2.5¡2.2 cm/s at 25 W, p = 0.07; 2.3¡1.3 vs 3.2¡2.2 cm/s at 50 W, p = 0.031). Conclusion: In conclusion, unlike resting mitral inflow and annular velocities, changes of systolic and diastolic velocities of the mitral annulus during exercise were significantly reduced in patients with type 2 diabetes compared with the control group. The assessment of LV longitudinal functional reserve with exercise using TDE appears to be helpful in identifying early myocardial dysfunction in patients with type 2 diabetes. C ardiovascular disease is the most common cause of death in patients with type 2 diabetes.
Background: Sublinical myocardial dysfunction occurs in a significant number of patients with type 2 diabetes. Assessment of ventricular long-axis function by measuring mitral annular velocities using tissue Doppler echocardiography (TDE) is thought to provide a more sensitive index of systolic and diastolic function. We hypothesised that augmentation of left ventricular (LV) longitudinal contraction and relaxation during exercise would be blunted in patients with type 2 diabetes. Methods: Mitral annular systolic (S9) and early diastolic (E9) velocities were measured at rest and during supine bicycle exercise (25 W, 3 min increments) in 53 patients (27 male, mean age 53¡14 years) with type 2 diabetes and 53 subjects with age and gender-matched control. None had echocardiographic evidence of resting or inducible myocardial ischaemia. Results: There were no significant differences in mitral inflow velocities at rest between the two groups. E9 and S9 at rest were also similar between the groups. However, S9 (7.1¡1.3 vs 8.3¡1.8 cm/s at 25 W, p = 0.0021; 8.1¡1.5 vs 9.1¡2.0 cm/s at 50 W, p = 0.026) and E9 (8.5¡2.3 vs 9.9¡3.1 cm/s at 25 W, p = 0.054; 9.1¡2.1 vs 10.9¡2.5 cm/s at 50 W, p = 0.0093) during exercise were significantly lower in patients with diabetes compared with controls. Longitudinal systolic and diastolic function reserve indices were significantly lower in patients with diabetes compared with that of controls (systolic index, 0.6¡0.70 vs 1.2¡1.5 cm/s at 25 W, p = 0.029; 1.2¡1.2 vs 2.1¡1.6 cm/s at 50 W, p = 0.009; diastolic index, 1.9¡1.2 vs 2.5¡2.2 cm/s at 25 W, p = 0.07; 2.3¡1.3 vs 3.2¡2.2 cm/s at 50 W, p = 0.031). Conclusion: In conclusion, unlike resting mitral inflow and annular velocities, changes of systolic and diastolic velocities of the mitral annulus during exercise were significantly reduced in patients with type 2 diabetes compared with the control group. The assessment of LV longitudinal functional reserve with exercise using TDE appears to be helpful in identifying early myocardial dysfunction in patients with type 2 diabetes. C ardiovascular disease is the most common cause of death in patients with type 2 diabetes. 1 Patients with diabetes are more likely to develop heart failure, and their outcome with heart failure is worse than that of patients without diabetes. The spectrum of diabetic heart disease involves a progression from the normal heart, to subclinical left ventricular (LV) diastolic and systolic dysfunction, followed by clinically overt symptomatic heart failure. Notably, subclinical LV dysfunction is common in patients with diabetes, 2 and the detection of subclinical LV dysfunction in these patients may provide an approach for identifying high-risk individuals who may benefit from earlier and more active intervention to prevent heart failure. 3 Although overt LV diastolic and systolic dysfunction can be readily identified by conventional diagnostic techniques including echocardiography, the initial stage of myocardial dysfunction may be concealed by various compensatory mechanisms. 4 Previous studies using sophisticated echocardiographic techniques such as tissue Doppler, strain, strain rate and ultrasonic tissue characterisation have shown abnormal myocardial function in patients with diabetes but without overt heart disease. 2 5-10 However, all of these observations were made in the resting state or non-physiological inotropic stimulation. A useful and physiological technique for evaluating ventricular performance involves the measurement of the circulatory changes that occur during exercise. In patients with diastolic dysfunction, already impaired myocardial relaxation does not augment as much as seen in normal individuals during exercise. [11] [12] [13] Nagueh et al showed in a canine model that E9 increases with increased transmitral gradient in subjects with normal myocardial relaxation, whereas it remained unchanged in subjects with diastolic dysfunction.
14 A similar result has been shown in human beings. 15 However, the response of mitral annular systolic and diastolic velocities to exercise in patients with type 2 diabetes has not been explored previously. We hypothesised that augmentation of LV longitudinal contraction and relaxation during exercise would be blunted in patients with type 2 diabetes. Therefore, the purpose of this study was to evaluate resting LV longitudinal function and functional reserve during exercise in patients with type 2 diabetes using mitral annular velocities by tissue Doppler echocardiography (TDE).
METHODS

Study population
Mitral inflow and septal mitral annular velocities were measured at rest and during graded supine bicycle exercise Abbreviations: A, peak velocity of diastolic filling during atrial contraction; E, peak velocity of early diastolic filling; E9, early diastolic mitral annular velocity; EF, ejection fraction; LV, left ventricular; S9, systolic mitral annular velocity; TDE, tissue Doppler echocardiography (25 W, 3-min increments) in 53 patients (27 male, mean age 53¡14 years) with type 2 diabetes and 53 subjects with ageand gender-matched control. The patients with diabetes had no symptoms or signs of heart disease, were in sinus rhythm and had a normal resting 12-lead ECG. Exclusion criteria were significant atrial or ventricular arrhythmia, significant valvular diseases (>moderate severity), significant coronary artery disease, prior history of myocardial infarction, depressed LV systolic function (ejection fraction ,50%, or any regional wall motion abnormality), pericardial disease and unable to exercise. The control subjects were considered to have a low probability of coronary artery disease on clinical grounds and had a normal exercise stress echocardiogram. Since this study aims at examining diabetes as an independent disease contributing preclinical myocardial dysfunction, patients who have coexisting hypertension were excluded. Study approval was obtained from the Internal Review Board of Yonsei University College of Medicine.
Two-dimensional and exercise Doppler echocardiography (diastolic stress echocardiography) 1 6 Standard two-dimensional measurements (left ventricular diastolic and systolic dimensions, ventricular septum and posterior wall thickness, left atrial volume, left ventricular outflow tract) were obtained with the patient in the left lateral position. LV ejection fraction (EF) was calculated by the modified Quinones method. 17 After obtaining the rest images from the standard parasternal and apical views, a multistage supine bicycle exercise testing was performed with a variable load bicycle ergometer (Medical Positioning, Kansas City, MO). Patients pedalled at constant speed beginning at a workload of 25 W with an increment of 25 W every 3 min. Echocardiography was performed using a GE Vingmed System 7 ultrasound system with 2.5-MHz transducer during rest, each stage of exercise, and recovery in the sequence described as follows. From the apical window, a 1-2-mm pulsed Doppler sample volume was placed at the mitral valve tip, and mitral flow velocities from 5 to 10 cardiac cycles were recorded. The mitral inflow velocities were traced, and the following variables were obtained: peak velocity of early (E) and late (A) filling, and deceleration time of the E wave velocity. Tricuspid regurgitant jet velocity was also obtained to estimate pulmonary artery systolic pressure using continuouswave Doppler, if measurable. Mitral annular velocity was measured by TDE using the pulsed-wave Doppler mode. The filter was set to exclude high-frequency signals, and the Nyquist limit was adjusted to a range of 15-20 cm/s. Gain and sample volume were minimised to allow for a clear tissue signal with minimal background noise. Early diastolic (E9) and systolic (S9) velocities of the mitral annulus were measured from the apical 4-chamber view with a 2-5-mm sample volume placed at the septal corner of the mitral annulus. These measurements were performed at baseline, at each stage of exercise, and recovery in the same sequence. All data were stored digitally, and measurements were made at completion of each study. Two-dimensional echocardiographic images from apical views at rest and during peak exercise were acquired, digitised, recorded and analysed. Both digitised and videotaped images were used for the wall motion analysis.
LV diastolic and systolic longitudinal function reserve index were calculated using a new formula as follows. The underlying concept for the design of new index was to express the change of E9 or S9 with exercise relative to E9 or S9 at baseline:
where DE9 is the change of E9 from baseline to 25 W or 50 W of exercise, and E9 base is early diastolic mitral annular velocity at rest.
where DS9 is the change of S9 from baseline to 25 W or 50 W of exercise, and S9 base is systolic mitral annular velocity at rest.
Statistical analysis
Continuous variables were summarised as a mean ¡ standard deviation. Categorical variables were summarised as a percentage of the group total. Differences in Doppler indices between rest and peak exercise were compared with repeated measures ANOVA. Statistical significance was defined as ,0.05. 
RESULTS
Echocardiographic findings
There were no significant differences in LV end-diastolic, endsystolic dimensions, wall thickness, left atrial volume index and EF between the groups. There were no significant differences in mitral inflow velocities (E, A, E/A, DT) between the two groups (table 2). TR velocity was also similar between the groups.
Haemodynamic response to exercise
The effect of supine bicycle exercise on heart rate and blood pressure is shown in table 3. In both groups, heart rate, systolic blood pressure and diastolic blood pressure were increased after exercise compared with those at rest. However, no significant differences were observed in the changes of heart rate, systolic and diastolic blood pressures at rest or during exercise between the groups.
LV longitudinal diastolic function at rest and with exercise E9 at rest (6.6¡2.1 vs 6.7¡2.3 cm/s, p = 0.73) was similar between the groups. E9 showed a progressive increase from resting to graded exercise in both groups. However, E9 during exercise was significantly lower in patients with diabetes LV longitudinal systolic function at rest and with exercise S9 at rest was similar between the groups. S9 showed a progressive increase from resting to graded exercise in both groups. However, S9 during exercise was significantly lower in patients with diabetes compared with that of the control 
DISCUSSION
The principal and novel findings of this study were: (1) LV longitudinal diastolic functional reserve, assessed with the change of E9 during exercise, is abnormal in patients with diabetes without overt heart disease; (2) even though EF and S9 at rest were similar between the groups, S9 during exercise and the magnitude of increment of S9 during exercise were significantly smaller in patients with diabetes, suggesting that their longitudinal contractile reserve is reduced. The present study is the first to demonstrate abnormal LV longitudinal functional reserve during exercise in patients with diabetes using exercise TDE. The strength and the significance of the present study reside in the use of low-level exercise TDE in early detection of myocardial dysfunction in patients with diabetes without overt heart disease. We also proposed new indices of LV longitudinal systolic and diastolic functional reserve by expressing the change of E9 or S9 with exercise relative to E9 or S9 at baseline. We believe these novel indices are helpful to quantify the LV longitudinal functional reserve in various groups of patients with myocardial functional abnormalities. The importance of assessing detailed information of LV myocardial performance is essential in understanding the development of heart failure and may provide the opportunity to initiate therapeutic intervention at an early stage. The recent use of sensitive and less load-dependent techniques such as strain, strain rate and myocardial velocity by TDE has demonstrated the occurrence of both systolic and diastolic abnormalities as a marker of subclinical LV dysfunction in patients with diabetes. However, a useful technique for evaluating ventricular performance involves the measurement of the circulatory changes that occur during exercise. The potential value of stressing LV to assess its performance is emphasised by the fact that the normal ranges of LV enddiastolic pressure, cardiac index, and ventricular stroke work in the resting state are wide, with values that frequently overlap those seen in patients with ventricular dysfunction. In patients with normal systolic and diastolic myocardial velocities at rest, they may reveal abnormal or blunted LV longitudinal functional reserve by exercise TDE. In this regard, using exercise TDE may be a promising, noninvasive diagnostic modality for early detection of subclinical LV dysfunction in patients with diabetes.
LV LONGITUDINAL DIASTOLIC FUNCTION AND FUNCTIONAL RESERVE IN PATIENTS WITH DIABETES
Experimental models have shown disturbances of relaxation both in vitro and in vivo. In humans, diastolic inflow patterns are frequently abnormal, with inferred disturbances of myocardial relaxation or myocardial compliance. Diastolic dysfunction has also been identified in diabetic subjects without evidence of other causes of heart disease. However, these findings have not been uniform. The normal physiological response to exercise is a faster relaxation rate induced by increased sympathetic tone and an exaggerated LV suction effect. Isotonic treadmill exercise produces a downward shift of the early diastolic portion of the LV pressure-volume loop, which augments early diastolic transmitral pressure gradient, increases early mitral flow and sustains LV filling volumes despite a reduced filling time without a marked increase in left atrial pressure. 18 It has been shown that E9 was inversely correlated with the time constant of isovolumic relaxation (t). The primary mechanism for the increase in E9 during exercise may be increased sympathetic tone and resultant faster myocardial relaxation. In a recent study, E9 was unchanged with increased transmitral gradient in dogs with diastolic dysfunction, whereas E9 was increased in dogs with normal tau.
14 A similar result has been shown in human beings. 15 These findings are consistent with normal physiological augmentation of myocardial relaxation in healthy subjects. Although E9 was previously shown to be reduced in patients with diabetes, the response of E9 to exercise, which can be considered as LV longitudinal diastolic functional reserve, was not examined. The current study demonstrated that the augmentation of myocardial relaxation during exercise, assessed with TDE, is blunted in patients with diabetes. Based on our observation, LV longitudinal diastolic functional reserve in patients with diabetes can be considered as abnormal.
LV LONGITUDINAL SYSTOLIC FUNCTION AND FUNCTIONAL RESERVE IN PATIENTS WITH DIABETES
Although EF is a simple yet powerful parameter used as an estimate of systolic function, it is influenced by preload, afterload, and contractility and it only examines the difference in cavity area at systole and end-diastole. Thus, it does not necessarily reflect the contractile state of the myocardium. Moreover, EF, if measured by M-mode echo in a parasternal short axis image, mostly reflects LV circumferential fibre shortening along the LV short axis . However, previous studies have shown that a significant proportion of LV systolic contraction occurs along the long axis, and thus measurement of the ventricular long-axis velocities, which can be quantified by measuring S9 by TDE, is thought to provide a more sensitive index of systolic function than EF. A previous study has shown that patients with diabetes without overt heart disease demonstrated evidence of systolic dysfunction and increased myocardial reflectivity. 2 In our study, we further demonstrated, despite similar resting EF and S9 between patients with diabetes and controls, that S9 during exercise and the magnitude of increment of S9 with exercise were significantly smaller in patients with diabetes, suggesting that their longitudinal contractile reserve is abnormal. Therefore, the assessment of longitudinal function should be incorporated for the comprehensive evaluation of LV systolic function and maybe the better parameter for earlier detection of LV systolic dysfunction. The results of this study add important new information regarding the assessment of myocardial function in patients with diabetes, where longitudinal contractile reserve assessed by TDE may be useful to identify subtle abnormalities of systolic longitudinal function in patients with normal EF.
Study limitations
In this study, the effects of coronary microvascular disease could not be excluded. It has been suggested that microvascular disease, which is common in patients with diabetes, leading to reduced coronary flow reserve with angiographically normal coronary arteries can be associated with a supernormal LV function during exercise. 19 Although none of the patients developed exercise-induced myocardial ischaemia by ECG or wall motion abnormality, potential influence of coronary microvascular disease cannot be excluded. Although it did not reach statistical significance, the heart rates achieved during exercise in diabetics was lower than those of the control group. The positive effect of heart rate on contractility (forcefrequency relation and the Bowditch effect) was therefore lower in patients with diabetes and could be one of the reasons for the lower values during exercise.
Clinical implications
Early detection and treatment of subclinical ventricular dysfunction are suggested as an effective strategy to prevent or delay the onset of heart failure. Such a strategy would mandate the effective diagnostic approach for the detection of preclinical ventricular dysfunction in these patients. Although the recently published revised ACC/AHA guidelines 20 broadened the scope of therapeutic guidelines to those of preventivetherapeutic guidelines by including patients who are at risk of developing heart failure and thus emphasised that the detection and treatment of subclinical LV dysfunction are important, no recommendations were available regarding how to detect subclinical LV dysfunction. Therefore, the challenge of recognising subclinical LV dysfunction in a noninvasive way still remains. The novel concept of the assessment of LV longitudinal functional reserve can be used for evaluation of myocardial function in patients with diabetes, since patients with diabetes are an important group of individuals with subclinical myocardial dysfunction. The right heart was dilated and readings suggested moderate pulmonary hypertension. A dilated right coronary artery (RCA) was seen in the anterior atrioventricular (AV) groove (panel A), which appeared to drain into a dilated coronary sinus and thence into the right atrium. The angiogram confirmed this and showed a normal-sized posterior descending branch (panel B). The RCA at this point became very tortuous and drained into the coronary sinus where there was a step-up in oxygen saturation.
IMAGES IN CARDIOLOGY
Owing to the extreme tortuosity, the patient was referred for a 16-slice cardiac CT angiogram to better delineate the anatomy. This optimally demonstrated the anatomy of the right coronary artery, posterior descending artery (PDA), fistula and coronary sinus as shown in the three-dimensional reconstruction (panel C) and the thin maximal intensity projection slice (panel D). To determine whether the liver changes were primary or secondary, a transjugular liver biopsy was performed which demonstrated no portal hypertension and an hepatic wedge pressure consistent with the cardiac gradient. Consideration is now being given to the merits of definitive surgical correction over medical management. 
